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general tendency: if the electroencephalogram is slow, index values will be low, whereas if the electroencephalogram is fast, index values will be high. Despite the appealing simplicity of this construct, and early successes in reducing the amount of anesthetic agents administered, 6 problems with electroencephalogram-based indices have become evident, as clinical experience with these monitors has grown. In practice, these indices can vary substantially from clinical assessments of consciousness 7 and show limited efficacy in reducing awareness compared with end-tidal anesthetic gas concentrations. 8 Relatively similar electroencephalogram patterns can arise under the γ-aminobutyric acid receptor-specific agonist propofol and the α2-adrenoceptor agonist dexmedetomidine. Propofol is associated with highly coordinated frontal thalamocortical alpha oscillations [9] [10] [11] [12] [13] [14] [15] and asynchronous slow oscillations (0.1 to 1 Hz). 16 Similarly, dexmedetomidine gives rise to slow oscillations and spindle-like activity, which we refer to as "dex-spindles," with a similar frequency range and spatial distribution as propofol-induced frontal alpha. [17] [18] [19] Although their electroencephalogram patterns may sometimes appear similar, the behavioral or clinical properties of these drugs are very different. 20, 21 Propofol can produce sedation at low doses and unconsciousness at higher doses. 9 Dexmedetomidine, at the clinically recommended dose, induces a state similar to nonrapid eye movement sleep, 21 in which patients can be aroused easily with verbal or tactile stimuli. 22 These differences motivate the following questions: (1) Are there specific brain dynamics induced by these drugs that can explain the observed differences in clinical response and behavior? (2) Can these brain dynamics be detected in the electroencephalogram ? We therefore hypothesized that propofol-induced slow oscillations would have lower coherence and larger power/ amplitude than dexmedetomidine-induced slow oscillations. Similarly, spindles observed during sleep and dexmedetomidine-induced unconsciousness have a morphology that is intermittent in nature. In contrast, propofol-induced frontal alpha oscillations have a morphology that is continuous in nature. These alpha oscillations are very coherent. We therefore also hypothesized that alpha oscillations induced during general anesthesia with propofol are different and significantly more coherent than the dex-spindles induced during sedation with dexmedetomidine.
To explore these hypotheses, we measured and compared the electroencephalogram under dexmedetomidine (n = 9) and propofol (n = 8) in healthy volunteers, 18 to 36 yr of age. The propofol dataset is from a normal healthy volunteer study previously reported. 9, 10 
Materials and Methods

Patient Selection and Data Collection
We measured 64-channel electroencephalogram under dexmedetomidine (n = 9) and propofol (n = 8) in healthy volunteers, 18 to 36 yr of age. These studies were approved by the Human Research Committee at the Massachusetts General Hospital, Boston, Massachusetts. All subjects provided informed consent and were American Society of Anesthesiology physical status I with Mallampati class I airway anatomy. In addition to standard preanesthesia assessments, a urine toxicology screen was performed to ensure that subjects had not taken drugs that might confound the electroencephalogram or behavioral results. We administered a urine pregnancy test for each female subject to confirm that they were not pregnant. Before the start of the study, we required subjects to take nothing by mouth for at least 8 h. For dexmedetomidine-induced unconsciousness, a 1 µg/kg loading bolus over 10 min followed by a 0.7 µg kg −1 h −1 infusion (×50 min) was administered. For propofol-induced unconsciousness, we used a computer-controlled infusion to achieve propofol target effect-site concentrations of 0, 1, 2, 3, 4, and 5 μg/ml. We maintained each target effectsite concentration level for 14 min. During the study, subjects breathed 21% oxygen by volume (dexmedetomidine) and 30% oxygen by volume (propofol). When a subject became apneic, an anesthesiologist assisted breathing with bag/mask ventilation (propofol). We monitored each subject's heart rate with an electrocardiogram, oxygen saturation through pulse oximetry, respiration and expired carbon dioxide with capnography, and blood pressure cuff (dexmedetomidine) or arterial line (propofol). During induction and emergence from dexmedetomidine-and propofol-induced unconsciousness, we recorded electroencephalograms using a 64-channel BrainVision Magnetic Resonance Imaging Plus system (Brain Products, Munich, Germany) with a sampling rate of 1,000 Hz (dexmedetomidine) and 5,000 Hz (propofol), resolution 0.5 μV least significant bit, and bandwidth 0.016 to 1,000 Hz. Volunteers were instructed to close their eyes throughout the study to avoid eyeblink artifacts in the electroencephalogram. Volunteers were presented with auditory stimuli during the study and asked to respond by button presses to assess the level of conscious behavior. For dexmedetomidine, the stimuli consisted of the volunteer's name presented every 2 min. For propofol, the stimuli consisted of either a verbal stimulus or an auditory click, which were presented every 4 s in a repeating sequence of click-click-verbal-click-click, with a total of 210 stimuli per target effect-site concentration level. Verbal stimuli consisted of either the subject's name or a word randomized with an equal number of name or word stimuli at each level. The click train was delivered binaurally, with 40-Hz clicks in the left ear and 84-Hz clicks in the right ear. Subjects were instructed to press one button if they heard their name and to press the other button if they heard any other stimulus. Stimuli were recorded at a sampling rate of 44.1 kHz and were presented using Presentation software (Neurobehavioral Systems, Inc., Berkeley, CA) with ear-insert headphones (ER2; Etymotic Research, Elk Grove Village, IL) at approximately 81 dB peak sound pressure level. Button-press stimuli were recorded using a custom-built computer mouse with straps fitted to hold the first and second fingers in place over the mouse buttons. The mouse was also lightly strapped to the subject's hand using tape and an arterial line board to ensure that responses could be recorded accurately. Details for study procedures and data collection for the propofol data have been previously reported. 9, 10 Behavioral Analysis We estimated the probability of response to the verbal stimuli under propofol by using Bayesian Monte Carlo methods to fit a state-space model to these data. 9, 23, 24 
Electroencephalogram Preprocessing and Epoch Selection
We applied an antialiasing filter and down-sampled the electroencephalogram data to 250 Hz before analysis. Electroencephalogram signals were remontaged to a nearest-neighbor Laplacian reference, using distances along the scalp surface to weigh neighboring electrode contributions. 9 First, 2-min electroencephalogram segments were selected from all subjects during the awake, eyes-closed baseline. Eye closure facilitates distinguishing between normal awake, eyes-closed occipital alpha oscillations, and the frontal alpha oscillations associated with anesthesia-induced altered arousal.
Electroencephalogram data segments were selected based on the behavioral response. For dexmedetomidine, the onset of unconsciousness was defined as the first failed behavioral response that was followed by a series of at least five successive failures (10 min). To characterize the electroencephalogram signature of dexmedetomidine-induced unconsciousness, we used the first 2-min electroencephalogram epoch obtained for each volunteer 8 min after the onset of unconsciousness.
For propofol, we identified data segments using a combination of behavioral and neurophysiological endpoints. We identified two states, one where subjects had a nonzero probability of response to auditory stimuli, and another where subjects were unconscious with a zero probability of response, propofol-induced unconsciousness trough-max (TM) and propofol-induced unconsciousness peak-max (PM), respectively. 9 Eight volunteers exhibited the propofol-induced unconsciousness (TM) and propofol-induced unconsciousness (PM) electroencephalogram states. In the TM pattern, propofol-induced alpha waves are strongest at the troughs of the slow oscillation. This pattern begins approximately 20 min before loss of consciousness and extends approximately 10 min after loss of consciousness (the troughs are Laplacian surface-negative deflections). 9 This pattern arises during the transitions to and from unconsciousness and bisects unconsciousness defined by loss of response to auditory stimuli. 9 As such, the TM pattern marks the earliest part of propofol-induced alterations in consciousness that we neurophysiologically identified to border the states of consciousness and unconsciousness. For each volunteer subject, we chose TM electroencephalogram epochs that occurred within the first 2 min of the onset of this pattern. In the PM pattern, propofol-induced alpha waves are strongest at the peaks of the slow oscillation. That is, the phase-amplitude modulation shifted by 180°, such that the alpha amplitudes were largest at the peaks of low-frequency oscillations (the peaks are Laplacian surface-positive deflections).
9 PM coupling is a propofol-induced signature of unconsciousness in the cortex that precedes the onset of burst suppression. Importantly, this pattern arises after loss of consciousness, when the probability of response to auditory stimuli is zero. 9 Clinically, this neurophysiological pattern can be related to a general anesthetic state. 9, 16 For each volunteer subject, we chose PM electroencephalogram epochs that occurred within the first 2 min of the onset of this pattern. These neurophysiological signatures are stably maintained over changing propofol effect-site concentrations: approximately 1 to 2 μg/ml for TM and approximately 3 to 5 μg/ml for PM. 9 For the remainder of this article, we refer to the selected TM electroencephalogram epoch as "propofol-induced unconsciousness (TM)" and the selected PM electroencephalogram epoch as "propofol-induced unconsciousness (PM)." Table 1 provides a clinical context to the behavioral states from which these electroencephalogram epochs were obtained.
Spectral Analysis
The power spectral density, also referred to as the power spectrum or spectrum, quantifies the frequency distribution of energy or power within a signal. The spectrogram is a time-varying version of the spectrum. For example, figure 1 shows the behavioral response and representative frontal and occipital volunteer electroencephalogram spectrograms under dexmedetomidine. Also, Supplemental Digital Content 1A-C, http://links.lww.com/ALN/B86, shows representative frontal spectrograms of dexmedetomidine-induced unconsciousness, propofol-induced unconsciousness (TM), and propofol-induced unconsciousness (PM). In these spectrograms, frequencies are arranged along the y-axis and time along the x-axis, and power is indicated by color on a decibel scale. Supplemental Digital Content 1D-F, http://links.lww. com/ALN/B86, shows representative raw electroencephalogram signals in the time domain. Supplemental Digital Content 1G-L, http://links.lww.com/ALN/B86, shows 8 to 16 Hz and 0.1 to 1 Hz band-pass-filtered electroencephalogram signals in the time domain. We computed spectra and spectrograms using the multitaper method, implemented in the Chronux toolbox. 25 We computed group-level spectrograms by taking the median across volunteers. We also calculated the spectrum for the selected electroencephalogram epochs. The resulting spectra were then averaged for all epochs, and PERIOPERATIVE MEDICINE 95% CIs were computed via taper-based jackknife techniques. 25 The spectral analysis parameters were the following: window length T = 4 s with 0-s overlap, time-bandwidth product TW = 3, number of tapers K = 5, and spectral resolution 2 W of 1.5 Hz. We estimated the peak power, and its frequency, for the dex-spindle (12 to 16 Hz) and frontal alpha (8 to 12 Hz) oscillation for each individual subject. We then averaged across subjects to obtain the group-level peak power and frequency for these oscillations.
Coherence Analysis
The coherence quantifies the degree of correlation between two signals at a given frequency. It is equivalent to a correlation coefficient indexed by frequency: a coherence of 1 indicates that two signals are perfectly correlated at that frequency, whereas a coherence of 0 indicates that the two signals are uncorrelated at that frequency. The coherence C xy (f ) function between two signals x and y is defined as:
where S xy (f ) is the cross-spectrum between the signals x(t) and y(t), S xx (f ) is the power spectrum of the signal x(t), and S yy (f ) is the power spectrum of the signal y(t). Similar to the spectrum and spectrogram, the coherence can be estimated as a time-varying quantity called the coherogram. We computed coherograms between two frontal electroencephalogram electrodes F7 and F8 using the multitaper method, implemented in the Chronux toolbox. 25 We computed group-level coherograms by taking the median across volunteers. We also calculated coherence for the selected electroencephalogram epochs. The resulting coherence estimates were then averaged for all epochs, and 95% CIs were computed via taper-based jackknife techniques. 25 The coherence analysis parameters were the following: window length T = 4 s with 0-s overlap, time-bandwidth product TW = 3, number of tapers K = 5, and spectral resolution 2 W of 1.5 Hz. We estimated the peak coherence, and its frequency, for the dex-spindle and frontal alpha oscillation for each individual subject. We then averaged across subjects to obtain the group-level peak coherence and frequency for these oscillations.
Statistical Analysis
To compare spectral and coherence estimates between groups, we used jackknife-based methods, namely the twogroup test for spectra (TGTS) and the two-group test for coherence (TGTC), as implemented by the Chronux toolbox. 26, 27 This method accounts for the underlying spectral resolution of the spectral and coherence estimates and considers differences to be significant if they are present for contiguous frequencies over a range greater than the spectral resolution 2 W. Specifically, for frequencies f > 2 W, the null hypothesis was rejected only if the test statistic exceeded the significance threshold over a contiguous frequency range ≥ 2 W. For frequencies 0 ≤ f ≤ 2 W, to account for the properties of multitaper spectral estimates at frequencies close to zero, the null hypothesis was rejected only if the test statistic exceeded the significance threshold over a contiguous frequency range from 0 to max(f,W) ≤ 2 W. We selected a significance threshold of P value less than 0.001 for all comparisons, applying a Bonferroni correction for multiple comparisons where appropriate.
Results
Spectral Analysis
Dexmedetomidine versus Baseline Power Spectra. We observed differences in the spectrogram that were induced by dexmedetomidine. Compared with baseline, the spectrogram during dexmedetomidine-induced unconsciousness exhibited increased power across a frequency range of 2 to 15 Hz ( fig. 2, A and B) . We next compared the electroencephalogram spectrum during dexmedetomidine-induced unconsciousness to baseline and found significant differences in power across most frequencies between 0 and 40 Hz. Electroencephalogram power exhibited a dex-spindle oscillation peak (mean ± SD; peak frequency, 12.9 ± 0.7 Hz; peak power, −10.8 ± 3.6 dB) and was larger during dexmedetomidine-induced unconsciousness across a range of frequencies less than 16.6 Hz ( fig. 2C ; 0.1 to 7.8 Hz, 11.5 to 16.6 Hz; P < 0.001, TGTS). Electroencephalogram power was lower during dexmedetomidine-induced unconsciousness in beta/gamma frequency ranges ( fig. 2C ; 21.2 to 40 Hz; P < 0.001, TGTS). Our results show that, compared with the awake state, slow/delta and spindle oscillations (dex-spindles) are exhibited during dexmedetomidineinduced unconsciousness. Propofol versus Baseline Power Spectra. We observed differences in the spectrogram that were induced by propofol. Propofol-induced unconsciousness (TM) was characterized by broadband (approximately 1 to 25 Hz) increased power, whereas during propofol-induced unconsciousness (PM), the increased power appeared confined to slow, delta, and alpha 0 General anesthesia *This study was not structured to measure the probability of response during dexmedetomidine-induced unconsciousness (a sedative dose was administered) due to the sufficient arousal stimulus the auditory tasks posed. PM = peak-max; TM = trough-max.
frequency bands ( fig. 3 , A-C). We next compared the electroencephalogram spectrum during propofol-induced unconsciousness (TM) and propofol-induced unconsciousness (PM) to the baseline electroencephalogram and to each other. During propofol-induced unconsciousness (TM), electroencephalogram power was significantly larger than baseline across a broad frequency range spanning alpha, beta, and gamma frequencies ( fig. 3D ; 10.5 to 50 Hz; P < 0.0003, TGTS). During propofol-induced unconsciousness (PM), electroencephalogram power exhibited an alpha oscillation peak (peak frequency,10.8 ± 0.7 Hz; peak power, 1.1 ± 4.5 dB) and was significantly larger than baseline across all frequencies studied ( fig. 3E ; 0.1 to 40 Hz; P < 0.0003, TGTS).
When we compared the power between the TM and PM propofol electroencephalogram epochs, we found that oscillations during propofol-induced unconsciousness (PM) were significantly larger across slow, delta, theta, and alpha frequencies ( fig. 3F ; 0.1 to 13.4 Hz; P < 0.0003, TGTS). Slow oscillation power during propofol-induced unconsciousness (PM) (power, 13.2 ± 2.4 dB) was larger than during propofol-induced unconsciousness (TM) (power, −2.5 ± 3.1 dB). This means that the amplitude of slow oscillations during propofol-induced unconsciousness (PM) was approximately six-fold larger than during propofol-induced unconsciousness (TM) and the baseline state.
Qualitatively, during propofol-induced unconsciousness (PM), the electroencephalogram spectrogram exhibited a visibly narrower 8 to 12 Hz oscillation bandwidth compared with propofol-induced unconsciousness (TM) (fig. 3 , B and C). Our results are consistent with reports that frontal alpha oscillations are exhibited during propofol-induced unconsciousness (PM) and that higher-frequency beta-gamma oscillations are observed during propofol-induced unconsciousness (TM).
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Dexmedetomidine versus Propofol Power Spectra. Next, we compared the spectra during dexmedetomidine-induced unconsciousness to propofol-induced unconsciousness (TM) and propofol-induced unconsciousness (PM). We found that electroencephalogram power was larger during dexmedetomidine-induced unconsciousness compared to propofol-induced unconsciousness (TM) in a frequency range spanning slow, delta, theta, and alpha frequencies ( fig. 4A ; 0.7 to 10 Hz; P < 0.0005, TGTS). We also found that propofol-induced unconsciousness (TM) electroencephalogram power was larger in a 4A; 14.9 to 40 Hz; P < 0.0005, TGTS). Qualitatively, the spectrum during dexmedetomidine-induced unconsciousness showed a clear dex-spindle peak at approximately 13 Hz, while propofol-induced unconsciousness (TM) did not exhibit a clearly distinguishable peak. During propofol-induced unconsciousness (PM), electroencephalogram power was significantly larger than dexmedetomidine-induced unconsciousness across all frequencies between 0.1 and 40 Hz ( fig. 4B ; 0.1 to 40 Hz; P < 0.0005, TGTS). Slow oscillation power during propofolinduced unconsciousness (PM) (power, 13.2 ± 2.4 dB) was larger than during dexmedetomidine-induced unconsciousness (power, −0.4 ± 3.1 dB). This means that the amplitude of slow oscillations during propofol-induced unconsciousness (PM) was approximately 4.8-fold larger than dexmedetomidineinduced unconsciousness slow oscillations. Similarly, during propofol-induced unconsciousness (PM), the electroencephalogram exhibited frontal alpha oscillations (power, 1.1 ± 4.5 dB), which were also larger than the dex-spindles (power, −10.8 ± 3.6 dB). This means that the amplitude of alpha oscillations during propofol-induced unconsciousness (PM) was approximately 3.9-fold larger than dexmedetomidine-induced unconsciousness spindle oscillations. Our results show that the spindle-like electroencephalogram pattern induced by dexmedetomidine is distinct from the propofol-induced frontal alpha oscillations. Also, amplitude wise, propofol-induced unconsciousness (PM) slow oscillations were much larger than dexmedetomidine-induced unconsciousness slow oscillations.
Coherence Analysis
Dexmedetomidine versus Baseline Coherence. We observed differences in the coherogram that were induced 5B ). We next compared the electroencephalogram coherence during dexmedetomidine-induced unconsciousness to baseline and found significant differences in coherence across frequencies between 2.4 and 18.8 Hz, with a coherence peak (peak frequency, 13.4 ± 0.8 Hz; peak coherence, 0.78 ± 0.08) consistent with the dex-spindle ( fig. 5C ; 2.4 to 18.8 Hz; P < 0.001, TGTC). Our results show that compared to the awake-state, dexmedetomidine-induced unconsciousness was characterized by dex-spindles that were significantly more coherent and a nonsignificant decrease in slow oscillation coherence.
Propofol versus Baseline Coherence. Compared to baseline, we also observed differences in the coherogram during propofol-induced unconsciousness (TM) and propofol-induced unconsciousness (PM). Propofol-induced unconsciousness (TM) was characterized by a broad (approximately 1 to 25 Hz) increase in coherence on the coherogram. Propofol-induced unconsciousness (PM) was characterized by a narrow band of alpha oscillation coherence centered at approximately 10 Hz ( fig. 6 , A-C) and a decrease in 0.1 to 1 Hz coherence (solid arrow, fig. 6B ). We next compared the coherence during propofol-induced unconsciousness (TM) and propofol-induced unconsciousness (PM) to the baseline and to each other. We found that the oscillations induced during propofol-induced unconsciousness (TM) were coherent in beta and gamma frequency ranges ( fig. 6D; a distinct alpha oscillation coherence peak (peak frequency, 10.8 ± 0.9; peak coherence, 0.89 ± 0.05) and significant increase in coherence within theta and alpha frequencies ( fig.  6E ; 3.9 to 15.1 Hz; P < 0.0003, TGTC). Also, propofolinduced unconsciousness (PM) was characterized by a nonsignificant decrease in slow oscillation coherence. When we compared the propofol electroencephalogram epochs, we found that propofol-induced unconsciousness (PM) oscillations were coherent in theta and alpha frequency ranges ( fig. 6F ; 3.9 to12.5 Hz; P < 0.0003, TGTS). Our results are consistent with previous reports that coherent frontal beta/gamma oscillations and alpha oscillations are exhibited during propofol-induced unconsciousness (TM) and propofol-induced unconsciousness (PM), respectively.
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Dexmedetomidine versus Propofol Coherence. We next compared coherence patterns during dexmedetomidineinduced unconsciousness to both propofol-induced unconsciousness electroencephalogram epochs. Compared to propofol-induced unconsciousness (TM), during dexmedetomidine-induced unconsciousness, coherence was larger in the delta, theta, and spindle frequency bands with a coherent dex-spindle peak ( fig. 7A ; 2.4 to 10.3 Hz, 12.2 to 15.3 Hz; P < 0.0005, TGTC). Coherence was larger during propofol-induced unconsciousness (TM) compared with dexmedetomidine-induced unconsciousness within beta/gamma frequency bands ( fig. 7A; 17 .3 to 25.9 Hz, P < 0.0005, TGTC). Next, we compared the coherence patterns during dexmedetomidine-induced unconsciousness to propofol-induced unconsciousness (PM). We found that Power spectra of propofol baseline versus propofol-induced unconsciousness (TM). Electroencephalogram power was significantly larger than baseline across a broad frequency range at 10.5-40 Hz (P < 0.0003, two-group test spectrum). (E) Power spectra of propofol baseline versus propofol-induced unconsciousness (PM). Electroencephalogram power was significantly larger than baseline at 0.1-40 Hz (P < 0.0003, two-group test spectrum). (F) Power spectra of propofol-induced unconsciousness (TM) versus propofolinduced unconsciousness (PM). Electroencephalogram power was significantly larger during propofol-induced unconsciousness (PM) at 0.1-13.4 Hz (P < 0.0003, two-group test spectrum). Median spectra presented with 95% jackknife CIs. Horizontal solid black line(s) represents frequency ranges at which significant difference existed. dB = decibel; Hz = hertz.
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dex-spindles and propofol-induced frontal alpha oscillations were distinct in terms of peak coherence and frequency ( fig.  7B ). Coherence during propofol-induced unconsciousness (PM) was significantly larger at frequencies surrounding the alpha oscillation peak and at a narrow gamma band (fig. 7B; 9.3 to 11.7 Hz, 19.5 to 26.9 Hz; P < 0.0005, TGTC). Coherence during dexmedetomidine-induced unconsciousness was significantly larger at frequencies surrounding the dex-spindle peak ( fig. 7B ; 12.9 to 15.4 Hz; P < 0.0005, TGTC). Our results using coherence analysis show again that the spindle-like electroencephalogram pattern induced by dexmedetomidine is distinct from the propofol-induced frontal alpha oscillations.
Discussion
Although propofol-and dexmedetomidine-induced electroencephalogram signatures may appear grossly similar, our analysis identifies differences in the power spectrum and coherence that likely relate to the specific underlying mechanisms and clinical properties of these drugs. We briefly summarize our findings as follows:
1. Similar to sleep spindles, dexmedetomidine-induced unconsciousness is characterized by spindles whose maximum power and coherence occur at approximately 13 Hz. These dex-spindles were different in both the power spectrum and coherence from propofol-induced alpha and beta oscillations. Alpha oscillations during propofol-induced unconsciousness (PM) were more coherent and were approximately 3.9-fold larger in amplitude than dexmedetomidine-induced unconsciousness spindle oscillations.
2. Both dexmedetomidine-induced unconsciousness and propofol-induced unconsciousness are associated with slow/delta oscillations. However, the amplitude of slow oscillations during propofol-induced unconsciousness (PM), which is synonymous with general anesthesia, was much larger than that observed during both dexmedetomidine-induced unconsciousness and propofolinduced unconsciousness (TM).
Slow oscillations have been proposed as a shared mechanism for unconsciousness during sleep and anesthesia. 9, 16, 20, 28 Since dexmedetomidine acts through neural circuits involved in the generation of nonrapid eye movement sleep, 21, 29 dexmedetomidine-induced slow waves are likely similar in nature to sleep slow waves. At the neuronal level, slow oscillations are associated with an alternation between ON states where neurons are able to fire and OFF states where neurons are silent. 16, 30, 31 In sleep 31 and under the α2-adrenoceptor agonist xylazine, 32 these OFF periods appear to be relatively brief, occupying a fraction of the slow oscillation period. In contrast, under propofol, these OFF periods are prolonged, occupying the majority of the slow oscillation period. 16 This prolonged state of neuronal silence along with other potential effects on arousal mechanisms could explain why general anesthesia with propofol produces a deeper state of unconsciousness from which patients cannot be aroused, compared to sleep or dexmedetomidine-induced unconsciousness, where patients can be aroused to consciousness.
In this article, we observed that propofol-induced unconsciousness (PM) slow oscillation power/amplitude was much larger than that during propofol-induced unconsciousness (TM) and dexmedetomidine-induced unconsciousness. This much larger slow oscillation power/amplitude may explain why propofol OFF states appear prolonged compared with sleep or xylazine anesthesia. We speculate that the size of the propofol-induced slow oscillation, and the duration of the associated OFF states, could come from propofol's actions at interneurons, which could help support larger slow waves and deeper levels of hyperpolarization required to sustain OFF states. 16 Our results suggest that the power or amplitude of slow oscillations could be used to distinguish between propofol-induced unconsciousness (PM), sedative states, and sleep or sleeplike states such as dexmedetomidineinduced unconsciousness. For both dexmedetomidine and propofol, we observed decreases in slow oscillation coherence in the unconscious state that were not statistically significant compared with baseline. We hypothesize that this could be a consequence of analyzing only one pair of electrodes, since in previous work these changes in coherence or synchrony were evident across multiple channels sampling wide areas of the cortex. 16 In future works, we will apply multivariate coherence methods such as global coherence 10 to improve quantification of this phenomenon.
The dex-spindle pattern has a frequency range and transient time-domain morphology that appears similar to sleep spindles. This likely suggests that the same thalamocortical circuit underlying sleep spindles 33, 34 generates dex-spindles. 35 Biophysical models suggest a thalamocortical basis for propofol-induced frontal alpha oscillations. 13 This frontal alpha electroencephalogram activity is thought to contribute to alterations in consciousness by restricting communication within frontal thalamocortical circuits from a wide to a narrow frequency band. 12, 13 They may also signify a change in anterior-posterior cortical coupling. 36 Our results show that propofol-induced frontal alpha waves are larger in power/amplitude and more coherent than dex-spindles. This may further explain why propofol is able to induce deeper levels of unconsciousness than dexmedetomidine. Our analysis suggests that these drugs are acting differently within the same underlying thalamocortical system. These differences may relate to the drugs underlying molecular and neuronal mechanisms. In particular, propofol's beta oscillations, as well as its highly coherent frontal approximately 10 Hz alpha oscillation, appear to be generated by enhanced γ-aminobutyric acid inhibition at cortical and thalamic interneurons. 13, 37 Meanwhile, dexmedetomidine appears to act through endogenous nonrapid eye movement sleep circuits, [17] [18] [19] which may explain why dex-spindles appear similar in morphology to sleep spindles. Because we analyzed Laplacian-referenced electroencephalogram, which favors local signals over global ones, it is unlikely that the observed alpha-and spindle-band coherences are due to broad common-mode signal.
In this article, we have demonstrated differences in the properties of slow oscillations and thalamocortical oscillations induced by dexmedetomidine and propofol. Given our knowledge of the molecular pharmacology, neural circuits, 21 and clinical properties associated with these drugs, it is not surprising that these drugs have distinct electroencephalogram signatures. Moreover, based on our analysis and discussion, it is likely that these differences in electroencephalogram dynamics are directly related to underlying differences in molecular and neural circuit mechanisms. The electroencephalogram signatures we describe can be computed and displayed in real time, suggesting that it is possible to display these dynamics in a straightforward way as we do with other physiological signals. A B
